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ABSTRACT

This report gives an assessment of the impact of high-temperature superconduc-
tivity on applications in electro-optical and electronic wartfare. Prior art in low-
temperature superconductivity provides many examples of potential applications.
It is essential that the feasthility of developing and using specific high-temperature
superconducting devices, such as radiation detectors and passive microwave com-
ponents, be determined before significant systems investment occurs. Research and
development activities at The Johns Hopkins University Applied Physics Labora-
tory aimed at implementing such thin-film devices are underway.
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EXECUTIVE SUMMARY

The application of high-temperature superconducting (HTSC) thin-filin devices
1o electro-optical and electronic warfare systems is a likely near-term outcome of
recent oreakthroughs in the field of superconductivity. The following report ad-
dresses this topic from a systems level as well as at the component level. It empha-
sizes the use of HTSC matcrials, in particular applications of potential interest to
the U.S. Navy, but the treatment of these applications is very general and not
mission-specific. Greater emphasis is put on highlighting the technology and those
superconducting properties important to particular devices that could be used in
many different systems. For instance, surface resistance is a key parameter for mak-
ing low-loss and high-quality HTSC microstrip delay lines and resonators, respec-
tively. Such devices can be incorporated into high-frequency radar receivers and
signal processors as well as other systems.

The introduction and background section of this report cites recent Navy guid-
ance on superconductivity research and development. The basic properties of su-
perconductors are reviewed, including 7ero resistance, the Meissner effect, flux
guantization, aid the Josephson effect. Then device-specific properties (e.g., the
superconducting quantum interference device [SQUID] response) are explained. A
technoiogy survey and assessiment gives an overview of prior art in low-temperature
superconductivity, discusses actual and potential applications, and provides a sum-
mary of recent HTSC research and developmcit up to the end of 1988. The re-
quirements placed on superconducting devices by potential applications are then
examined, and projections are given for those devices when made with HTSC materi-
als. Candidate subsystems for HTSC insertion as well as implementation and in-
tegration issues (€.g., cryogenic cooling, semiconductor/superconductor interfacing,
and fabrication process compatibility) are considered. Finally, some general com-
ments are made on the future of superconducting devices and applications. Each
major section of this report stands alone and thus can be read independently and
according to the interests of the reader.

The purpose of this report is to give a Fleet Systems perspective to the above-
mentioned Applied Physics Laboratory projects. It should also help both APL
management and current or future Navy sponsors of APL work to understand the
connections between their future systems needs and the HTSC technology. By see-
ing the potent‘al for application of HTSC devices to Navy needs as described here-
in and by recognizing the interest the Navy has at the highest level in administering
superconductivity research and development, it is hoped that APL management
and potential sponsors can acknowledge the commitment needed to bring the prom-
ise of HTSC technology to reality.
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1.0

An unprecented opportunity exists to exploit new high-
temperature superconducting (HTSC) materials in micro
electronic circuits. The onset of superconductivity in the
higher transition temperature {7..) phase of the bismuth-
strontium-calcium-copper-oxide (BSCCO) svstem oceurs
at around 105 K, thus allowing the use of cheap and eas-
ily managed liquid nitrogen (77 K) based cryogenics tor
etfective reduced temperatures (777 ) of ~0.70. Alter-
natively, the fower 7. phasc of BSCCO could be used in
a resistive transition bolometer near 77 K. The applica-
tion of such devices to Navy systems is being addressed
at The Johns Hopkins University Applied Physics Labo-
ratory. Specific components, however, should be devel-
oped and demonstrated in general technology areas for
potential application to Navy problen... Among the many
possible uses 1o be considered, APL is investigating sim-
ple, passive thin-film devices such as detectors of electro-
magnetic radiation and monolithic microwave integrated
circuit (MIMIC) components.

New HTSC devices are expected to exhibit excellent per-
tormance as radiation detectors in two related wavs. First,
they should operate with good spectral response at extreme-
Iy high frequencies reaching into the far-infrared band. Sec-
ond, broadband electrical response can be achieved at
extremely high frequencies before intrinsic response-time
limitations occur. Both features depend on the very high
superconducting energy gap found in HTSC materials
(<50 mV). Sensitivity (as measured by root-mean-square
noise) shouid also be good for devices made with these
materials but will be temperature-limited compared to low-
7. superconducting (LTSC) devices. The HTSC materi-
als, however, exhibit good resistance to ionizing radiation.

Microelectronie thin-film devices fabricated from HTSC
materials must exhibit stable mechanical, electrical, and
thermal properties. The new BSCCO maiterial is more sta-
ble and theretore easier to work with than vttrium-
barium-copper -oxide (YBCO) material. The BSCCO ma-
tenal nas been fabricated into simple thin-film devices at
APL, but the T s are indicative of a two-phase materi-
al with a predominant lower 7, phasc. Fabrication pro-
cedures are being developed to deposit and pattern thin
tfilms of BSCCO on technologically useful substrates for
practical device applications. A major milestone will be
to achieve a T approaching 105 K. The use of YBCO
thin films in the same devices 1s also being pursued.

['he Navy's superconductivity community supports ef-
forts to develop the new HTSC materials in useful devices.
The Chiet of Naval Research has indicated that U.S. in-
dustries (including systems laboratories such as APL)
should identity application needs and areas for partici-

INTRODUCTION AND BACKGROUND

pation with the Navy R&D laboratories.' The Office of
Naval Technology has indicated that, “IR&D can help
focus future Navy 6.2 efforts.””

Another key tocus is HTSC MIMIC device insertion,
with potential uses in radar, communications, surveillance,
guidance, and electronic warfare. Certain critical compo-
nents are used for signal processing in these applications,
for example, resonators, delay lines, and high-specd in-
terconnects. The performance of such devices could be
significantly enhanced by using new HTSC materials.

Microstrip resonators with extremely high quality (Q)
values on the order of 107 or higher can be fabricated
and integrated into highly selective oscillators tor spread
spectrum radar® and extremely stable frequency stan-
dards. Conventional superconductors need liquid helium
cryogenic equipment,” which is expensive and cumber-
some to work with.

Microstrip delay lines can also be fabricated and in-
serted into circuits for use as signai storage and disper-
sive elements. Under the action of modulating signals or
by using patterned films, such delay lines can pertorm
variable or fixed delays appropriate for wideband
receivers” or narrow-band oscillators.® Microstripline in-
terconnects in MIMIC and very-large-scale integrated cir-
cuits for high-speed communications and computing is
another area of application. These interconnects must be
shortened to match the speed increases already being real-
ized in the logic gates of such systems. Superconducting
striplines would make this possible, with a subsequent

"I R. Wilson, “U.S. Navy Plans and Programs for Supercon-
ducting R&D, Proc. of the Conference on Superconductivity
R&D in the U.S. Navy, NSWC, White Oak, Md. (9-10 Feb 1988).

“I. R. Cauffman, “Office of Naval Technology (ONT) Explora-
tory Development Program (6.2) in Superconductivity,” Proc.
of the Conference on Superconductivity R&D in the U.S. Navy,
NSWC, White Oak, Md. (9-10 Feb 1988).

Y11 Suter and AL G. Bates, “*Ulra-Stable Time and Frequency
Device for Tactical Aircraft Radar,” JHU -APL SDO 8446 tApr
19R87).

YA b DiNardo. 1. G. Smith, and F. R. Adams, **Superconduct-
ing Microstrip High-Q Microwave Resonators,” J. Appl. Phys.
42, 186 (1971).

‘R. S, Withers, A, C. Anderson, J. B. Green, and S. A. Reible,
“Superconductive Delav-Line Technology and Applications,™
TEEE Trans, Magn. 21, 186 {1985).

"S. R, Stein and 1. P Turneare, “Superconducting Resonators:
High Stability Oscillators and Applications to Fundamental Phys-
ics and Metrology,™ in Futire Trends in Superconductive Elec-
tronics. AP Conf. Proc. #44, B. S, Deaver, Jr., C. M. Faleo,
IoH Haris, and S. AL Wolt, eds., pp. 192-213 (1978).

TR Kautz, “Mimniaturization of Normal-State and Supercon-
ducting Stniplines,”" L. Res. Nat. Bur. Stand. 84, 247 (1979).
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reduction in the overall scale of the chips by 2 to 3 orders
of magnitude. Superconduc.ng interconnects should also
help improve the performance of discrete active compo-
nents. For instance, the noise figure of MESFET (metal
semiconductor field-effect transistor) amplifiers could be
reduced from a 2- to less than 1-dB final noise figure us-
ing superconducting interconnects.”

Conventional LTSC materials may be replaced with
new HTSC materials and still vield significant improve-
ments over normal metal-based technology. Key concerns
in developing the new HTSC materials are the effect of
stoichiometry on the transition temperature and the ef-
tect of surtace quality on the surface resistance. These

ot \PA)ndi ‘ISuEZEcondtlcti' c FIédec VScnliLi(;ndu(:tror Com-
ponents,” JTHU-APL TEO-87-072 (200 Apr 1987).

paraneters will influence the performance gains expect-
ed from using HTSC materials in place of normal metals.

The Naval Consortiam for Superconductivity (NCS)
has made several recommendations in various application
areas. In particular, the panel on high-frequency appli-
cations endorses investigations of radio frequency (KF)
devices for antennas, detectors, and oscillators.® Overal)
system performance gains are expected if efficient cryo-
genics can be developed. In addition, the NCS panel on
infrared sensor systems endorses investigation of appli-
cations in focal plane arrays (FPA’s) and similar detec-
tion devices.'® Details of the NCS assessment will be
described in section 3.2.

“R. I. Dinger, “NCS Pancl on High Frequency Applications,”
Proc. of the Conference on Superconductivity R&D in the U.S.
Navy, NSWC, White Oak, Md. (9-10 Feb 1988).

""M. Nisenoff, “Naval Consortium on Superconductivity, Pancl
on Infrared Sensor Systems,” Proc. of the Conference on Su-
perconductivity R&D in the U.S. Navy, NSWC, White Qak, Md.
(9-10 Feb 1988).
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2.0 BASIC PROPERTIES OF SUPERCONDUCTORS

The two fundamental properties of superconductors are
the loss of all resistance to the flow of low-frequency clec-
tric current and the complete expulsion of static magnet-
o ficlds. Both phenomena occur below the so-called
transition temperatire (77 in certain metals and com-
pounds, including the new high-7° ceramic oxides, The
loss of resistance is dlustrated fn Fig. 1.7 and the pro-
vess of eapelling 4 magnetic tield s shown in Fig. 2. This
fatter property of superconductors, namely diamagnetism,
v also known as the Meissner effect.'s Above a certain
critical magnete tield, A | the superconductor is driven
into the nornal state.

The superconducting state ot a particular material can
be desertbed parametrically as falling within the envelope
detined by three parameters: temperature, current, and
magnetic field. It any one parameter exceeds a critical val-

1 2[ M I T ﬁ
roo‘
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dpdf’
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Figure * Resistance (R) versus temperature for YBCO
superconductor (T, = 90 K).
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Fin Neuer Friekt her Fintrut
87193y

I. Bohands, 1. F. Phil

ue (7., 1 . and H | respectivelyv), the superconducting
state will be destroved, as illustrated in Fig. 3. A small-
scale superconducting device could operate near T,
(point A) because it may only reguire small currents and
meegnetic fields, but a large-scale superconducting device
gencrally requires large currents and tields and must there-
fore operate at temperatures well below 7 (point B).
(This distinction, however, 18 not always clearly met in
practice.}

The propertics of zero resistance and diamagnetism are
manifestations of the fong-range order ot the supercon-
ducting state below 7. This long-range order is a mac-
roscopic quantum phenomenon characterized mathemati-
callv by a wave function, which describes the populati *n

T

| |

Figure 2 Process of expelling a static magnetic field
(B-field) in a superconductor as temperature is brought
below T,..
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Figure 3 Parameter space for the superconductor
showing boundary betweer, normal and superconduct-
ing states and associated critical parameters T,. /.. and
H, .
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ol paired clec.rons that constitute the supercurrent carri
ers in dsuperconductor. The wave tunction 15 denoted by
Vo, z0 and s expressed as a complex quantity

Vo= W expjo) (1)

where the modulus ¥ s commonly called the supercon-
Jucting order parameter, and o is the prase. ¥ 7 s
cguated wiith the number density, #,., ol paired electrons.
F'he guantum theory that accurately describes the super-
conducting state 1s the Bardeen-Cooper-Schrietter (BCS)
theory, named after its originators.

The clectrons in a normal metal can be regarded as 1ree
to move within the crvstal lattice, but they trequently col-
fide with rhe lattice, creating a loss mechanism that vields
a4 non-Zero resistance at any temperature. In a supercon-
ducter, electrons of opposite momentum and spni near the
so-calted Fermi energy form bound pairs, which exhibit
no loss under dircct-current conduction. Their binding
energy, A, s also the energy that separates the paired elec
rron and unpaired electron populations (sometimes called
quasiparugeles) trom each other in the conduction band.

The basic property of diamagnetisin also leads to an
important properiv ot superconductors when construct-
ed in the “orm of a ring. As a result ot a transidon to
a superconducting state below 7o in the presence of a
magnede tield, a superconducting ring will trap tlux within
the ring. The trapped flux induces a circulating current
that persists indetinitely because of zero resistance (see Fig.
4). Quantum miechanics says that the phase of the mac-
roscopic wave tunction must change by 2#x in going once
around the ring. Combined with an expression tor the su-
per urrent that includes 2 gradient of the phase, as welf
as the magnetic vector potential, the 2xn phase change
results in quantization ot the magnetic flux withia the ring.
I'he so-called flux gquantum is given by

P ho2e 2 o 10 T T, 2)
B-field
Trapped Hux {\
\ Ve

Current

Superconducting
rng

___// \_

Figure 4 Superconducting ring showing condition of
trapped flux and persistent current below T, .

i Bardeer TN Coonerand TR Schrietter Theors of Sus
porcotdbnonors T Phos s Reo  TOR 1178 (1937

which s a4 very small flux quanuty (2 = Planck's con-
stant, e = the clectron charge). This eftect was discov-
ered experimentally by Leaver and Fairbank " and Doll
and Nabauer," and along with the Josephcon effect, led
1o one of the few viable commercial applications of su-
perconductivity in the form of snpereensitive magnetom-
eters based on the superconduct .g quantam interference
device (SQUID).

In addition to these basic pre perties of superconductors
there is a fur lamental effec. predicted by Josephson'*
and first measured by Anderson and Rowell,'” known as
the Josephson effect, which is observed in the junction be-
tween two superconductors. A Josephson junction is a re-
gion between two pieces of superconductor where the
superconducting state is weakened. This can be achieved
by establishing a thin tunneling barrier or narrow connec-
tion (or contact) between the two superconductors. When
the current (/) through the junction is incicased from ero,
Cooper pairs (paired electrons) wunnel quantum-
mechanically through the barrier or connection, which es-
tablishes a phase difference (Ao) between the phases of
the superconducting state on each side. The resulting cur-
rent is given by

[ =1 sinlo ., (3)
where [ is the critical current. This 1s the so-called DC
Josephson eflect. When the current through the junction
exceeds 7 the phase differcace evolves in time accord-

¢

ing to the relation
dAosdr = 4weVih 4

where Fis the voltage across the junction.

Equation 4 expresses the essence of the AC Josephson
effect, and can be uced to show that the Josephson junc-
rion is a voltage-controlled oscillator. The varied appli-
cations of Josephson junctions stem from the basic DC
and AC Josephson effects just described as well as from
suitable electronic circuits in which Josephson junctions
reside. Josephson junctions can be used as sensitive de-
tectors of millimeter waves as well as low-frequency mag-
netic fields. They have also been used as oscillators,

“B.S. Deaver, Jro, and W.M. Fairbank, “Lxperimental Evidence
for Quantized Fux in Superconducting Cvlnders,™ Phvs. Rev.
Let. 7.0 43 11961).

TR Doll and M. Nabauer. “Experimental Proof of Magnetic Flux
Quanuization in a Superconducting Ring,”” #ivs. Rev. Lett. 7,
STolyaly

"B, D, Josephson, “Possible New Effects in Superconductive
Funneling,™ Phys Len 1, 251 (1962).

TPCW Anderson and 1ML Rowell, “Prohable Observation o
the Tosephson Supercondacting Tunnehinge Ftect,” Phyvs. Rev.
Letr W0, 230 (1963).
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parametric amplitiers, and digital logic switches (1o name
onlv a few).

The simplest examples of Josephson junctions are il-
lustrated in Figs, S(a) and 3(b). a microbridge junction
and a tunnel junction (also known as a superconductor-
insulator-superconductor [SIS] junction), respectively. A
description of the fundamentals and types of Josephson
junctions is given by Tinkham'™ and will not be elabo-
rated on here. The corresponding /- curves for these two
types of Josephson junction are shown in Figs. 5(¢) and
3d). Notice that the tunnel junction is hysterctic, having
a forward branch that switches dramatically when the cur-
rent reaches a value on the order of the critical current
and a sharpyv varying return branch that occurs at a volt-
age equal 1o twice the gap voltage. The hysteresis 1s a funce-
tion of the parasitic capacitance in the tunnel junction,
making it useful in latching logic for computer circuits.
The excess supercurrent and the ohmic line of the
microbridge weak hink can be modeled as a resistively
shunted junction. These so-called equivalent  circuit
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Figure 5 Two common examples of Josephson junc-
tions: {a) microbridge and (b) tunnel junction. Cor-
responding /- V curves: (c) microbridge /-V curve and (d)
hysteretic tunnel junction curve.

MO Tinkham, U Juncuons Tvpes, Properties, and Limitations,”’

m Future Trevias in Superconductive Elect:ones, AP Conf. Proc.
#4494, B S, Deaver, Tr, CONL Faleo, B0 HL Harris, and S0 AL
MWolt, eds., pp. 269 279 (1978).

models'” represent the supercurrent response as a phase-
dependent inductance given by

L, = h/dzxel cos do (5)

which is illustrated in Fig. 6.

Two important parameters that help to characterize the
spatial distribution ot the superconducting state and cur-
rents and fields in superconductors are the coherence length
(at T = 0), £&,, and the London penetration depth, A,
respectively. The coherence length is a measure of the dis-
tance over which the superconducting order parameter
varies from a maximum to a minimum value. For a
“clean’ superconductor it is given by

to = hv, 7277 A0) . (6)

For a “‘dirty”” superconductor &, is reduced further by
a shorter mican free path. The coherence length for the
new HTSC materials is considerably shorter than that for
conventional LTSC materials (see Table 1) because the
energy gap at zero temperature, A(Q), for these HTSC
materials is significantly farger than that for convention-
al LTSC materials. The I.ondon penetration depth is a
measure of the distance over which external magnetic
fields penectrate a superconductor, and it is given by

A= (m”/u(,/ll,e'z): . M
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Figure 6 Equivalent circuit model of the intrinsic re-
sponse of the superconducting weak link {ignoring para-
sitic effects).

" A Barone and G. Paterno, “Voltage Current Characteristies.™
in Physics and Application of the Josephson Fffect. John Wiley
& Sons, pp. 122 136 (1982).
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Table 1

Fundamental superconductor parameters.

2021

Penetration

Coherence

Transition 7 Energy
temperature, gap, length, depth,
I 24(0)/e &o A
Material (K) (meV) (nm) (nm)
Lead (Pb) 7.20 2.73 83 37
Niobium (Nb) 9.25 3.05 38 39
YBa,Cu,0- 94 28.4 2.2-3.1% 780-840"
0.5-0.7° 90-95*
BiSrCaCuQ 105 31.7 2.7 - —
0.18° — —
TICaBaCuO 120 36.2 2.0 — —
0.03* —_—

ab = ab plane, ¢ = c-axis

where m* and e* are the pair effective mass and charge,
respectively, which are typically taken as twice the elec-
tron mass and charge. Typical values for A; are given in
Tabic 1 fur low- and high-T,. materials. The significance
of particular values for &, and N\, will be considered later
in the report.

A historically important although simplified model of
the thermal and electrical behavior of superconductors is
the two-fluid model of Gorter and Casimir.™ It describes
the basic conduction process in superconductors compris-
ing two interpenetrating fluids or currents—normal and
super—each with their respective particle densities n, (for
quasiparticles) and /1, (for paired electrors). The fraction
of conduction electrons that are paired varies with tem-
perature according to the relation

n,/n =\ — (T/T.)", (8)

U

“F. Y. Fradin, “DOE Programs for Large Scale Applications,”
Superconductivity Seminar, Wash., D.C. (20 Nov 1987).

YR, T. Kampwirth, J. H. Kang, and K. E. Gray, “Superconduct-
ing Properties of Magnetron Sputtered Bi-Sr-Ca-Cu-0O and Tl-
Ba-Ca-Cu-0O Thin Films,™ in Science and Technology of Thin
Film Superconductors, R. D. McConnell and S. A. Wolf, eds.,
Plenum Press, pp. 165-173 (1988).

“C. 1. Gorter and H. B. G. Casimir, "'On Supraconductivity [,"”
Physica 1, 306 (1934),

where the total number of carriers n = n, + n,. Using
a formulation of the electrodynamics of superconductors
derived by London,” a useful model of the high-
frequency behavior of superconductors can be develoned.
Among these models, useful rclations are a temperature
dependence for the penetration depth

MDD = NO (1 - (T/THT )
and a complex conduciivity given by

g = 0 — jO': = n,,elr/m[(l — J(_,)T)/(] + O)ZTZ)] ,
(10)

where m = electron mass and 7 is the momentum relax-
ation time, such that

J = oE . (1)
In the limit of r approaching infinity, the current density
(/) can be written in a form such that the superconduc-

tor looks like a pure inductance given by

Ly = mli/n,e’A | (12)

*'t. London and H. London, “The Electromagnetic Equations of
the Superconductors,”™ Proc. Roy. Soc. A149, 71 (1935a).
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where / and A are the length and cross-sectional area of
the superconductor, respectively. The important result for
our purposes {(Eq. 10} is that at finite frequencies a su-
perconductor acts like a reactive as well as a dissipative
svstern electrically. The dissipative term falls off rapidly
at low temperatures and frequencies, as expected, since
superconductors should not normally be dissipative.

The two-fluidd London model gives a reasonably ac-
curate expression for the surface resistance of a super-
conductor, which is given by

11

R, = A (T/TH I —(T/TH) *° 1, (13)

S

where A(w) is proportional to «°. The BCS theory gives

= (Cw' /TYexp[- ATV kyT] + Ry(w) ,
(14)

0y

provided w < < 27A(T)/hand T < 0.5 T.. The residu-
al surface resistance R,(w) depends on surface quality.
An important modern theory that replaces the simplified
London and two-fluid models and extends the BCS re-
sult is the Mattis-Bardeen theory,“* which accurately ac-
counts for the response of superconductors at all
trequencies, including those below and above the energy
gap, A(0). From these models, useful relationships for
predicting the surface impedance of superconducting
transmission line devices can be developed.

D, C. Mattis and }. Bardeen, *“Theory of Anomalous Skin Ef-
fect in Normal and Superconducting Metals,” Phys. Rev. 111,
412 (1958).
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3.0 TECHNOLOGY SURVEY AND ASSESSMENT

3.1 OVERVIEW OF PRIOR ART

Over the last 25 years there have been many develop-
ments in the field of superconductivity aimed at practical
applications. Several recent reviews and books (Refs.
25-28 and 19, 29-31, respectively) present these develop-
ments in great detail. Clarke™ describes the small-scale
(microelectronic) applications of superconductivity by
dividing them into three broad categories: detection-of-
incident (electromagnetic) signals, analog processing of
amplified signals, and subsequent digital signal process-
ing. Figure 7 shows examples in each category, with a cor-
responding hierarchy. In each instance superconducting
circuits have been constructed and experimentally evalu-
ated. Those devices highlighted in Fig. 7 have been the
most successful in having some degree of use beyond the
laboratory.

Before describing some of the more successful appli-
cations in detail, 1 will briefly highlig" them here. The
SQUID has been the most successful use of superconduc-
tivity in reaching commercial development.*' Computer
logic and microprocessor circuits represent other key
areas.”™ Although substantial investment was expended
by IBM in the late 1970s and early 1980s on the develop-
ment of a superconducting computer, the project was dis-
continued because of problems with using lead-based
superconducting tunne! junctions for the circuits. At that
time niobium-based technology was less mature, but it be-
came more robust with respect to thermal cycling. More
recently a superconducting sampling oscilloscope™ has

=“J. Clarke, ““Small-Scale Analog Applications of High-Transition-
Temperature Superconductors,” Nature 333, 29 (1988).

“A. P. Malozemoff, **Computer Applications of High Temper-
ature Superconductivity,” Physica C 153-155, 1049 (1988).
Y. G. Vendik and A. B. Kovyrev, “Superconducting Films in
Microwave Electronics (Survey),"" Izv. Vyssh. Uchebn. Zaved.

Radinelekiron. 26, 18 (1983).

““N. K. Welker and F. D. Bedard, “'Digital Josephson
Technology—Present and Future,” in Future Trends in Super-
conductive Electronics, AIP Conf. Proc. #44, B. S. Deaver, Ir.,
C. M. Falco, J. H. Harris, and S. A. Wolf, eds., pp. 425-436
(1978).

T, Van Duser and C. W, Turner, Principles of Superconductive
Devices and Circuits, Elsevier North Holland (198)).

“1 . Solymar, *'Current-Voltage Characteristics,”” in Superconduc-
tive Tunneling and Applications, Wiley-Interscience, pp. 165-185
(1972).

1. Clarke, in Superconductor Applications: SQUID's and
Muchines, B. B. Schwartz and S. Foner, cds., Plenum, N.Y.
(1977).

A Practical Way to Turn Out Joscphson Junction Chips,”
Electronics 60, 49-56 (1987).

18

Signal [ Detection of ——
+—w{ incident i Analog | | Digital signal| n po4a
noise processing processing processing
DC radio [ Jasephson J
frequency c Logic
»> m A/D converter
- M » Memory
Microwave- Sampie
submilimeter Thtee-tarminal
» (SIS mixer deviges _
SIS square-law Superconducting
detector || field-effect
e transistors
| Josephson Nonequilibrium
mixer devices
Josephson Transmission-line
square-law davices
detector B Matched
T filters
Josephsan
parametric Convolvers
am
P Correlators
Superconducting .
Fourier
bolometer transformers
Optoelectron-
ics

Figure 7 Categories of applications and examples of
corresponding superconducting devices (adapted from
Ref. 25).

been developed by Hypres, Inc., and has reached com-
mercial use. Hypres was a direct spinoff from the IBM
superconducting computer project. Such superconduct-
ing integrated circuits can achieve signal sampling band-
widths up to 100 GHz." Superconductor-insulator-
superconductor (SIS) mixers have been developed to the
point where they are being inserted in the receiver section
of radio telescopes.™ They offer the lowest noise perfor-
mance of any technology. The Josephson voltage stan-
dard is also a reasonably successful instrument that has
emerged from the laboratory.™

One major practical limitation when using LTSC maten-
als is the need for liquid-helium-based cryocooling. By
comparison, the use of liquid nitrogen for HTSC materi-

'S K. Pan, A. R. Kerr, M. J. Feldman, and A. W. Kleinsasser,
SIS Technology Boosts Sensitivity of MM-Wave Receivers,” Mi-
crowave RF, 139 (Sep 1988).

“A. Laundrie, ‘*Superconducting IC's Generate and Detect Sig-
nals to 100 GHz,”' Microwave RF, 163-164 (Sep 1988).

“R. E. Harris and C. A. Hamilton, *‘Fast Superconducting In-
struments,”” in Future Trends in Superconductive Electronics, AIP
Conf. Proc. #44, B. S. Deaver, Ir., C. M. Falco, J. H. Harris,
and S. A. Wolf, eds., pp. 448-458 (1978).
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als will be cheaper and easier. The latent heat of vapori-
zation is 64 times greater for liquid nitrogen than for liquid
hehium, and it takes over 30 times less power 1o maintain
a closed-cyele refrigerator at 77 K than at 4.2 K. Conversely
the use of LTSC materials requiring ligquid helium ensures
better noise performance and lower losses at finite frequen-
cies. The importance of noise and conductor losses at a
given operating temperature depends on the application,
and the actual variation with temperature depends on the
type of device.

Among all the applications of the prior art several ex-
amples are noteworthy, including the SQUID, microstrip
transmission lines, sampling devices, microprocessor logic
circuits, far-infrared detectors, and SIS mixers. A brief
description of each is given below.

The SQUID’s have been made for measuring magnet-
ic flux down to levels of nominally 10 "' Wb. To see
how small this quantity is in terms of magnetic field, re-
fer to the scale in Fig. 8(a). There are two types of SQUID:
the DC and the RF." The DC SQUID consists of two

(a) Magnetomyogram
SQuID Flux gate

Magnetocardiogram
Magnetoen- Urban noise  Earth field

cephalogram-_‘_l ‘ j l AL
A4 1 1T 1 T T T 1T T ]

107 19" 10" 107" 107° 10° 10° 107 10° 10° 10*

(Tesla)
& (e) Maximum current
D¢ SQUID
!

1 1 Il 1
2 0 1 2

Number of Hux quanta

(d) (e} Maximum current

RF souip ‘oSt

L c TVOS’”"

T3 2 1 0 1 2 13
1. Number of flux quanta
Figure 8 Magnetic flux scale (a) (shown for con-
venience). Schematic diagram of (b) DC SQUID and (c)
corresponding response curve. Schematic diagram of
{d) RF SQUID and (e) corresponding response curve.

Josephson junctions coupled in parallel in a superconduct-
ing ring as shown in Fig. 8(b). Each junction may be
shunted with appropriate inductance and capacitance to
avoid a hysteretic /-V curve (an important requirement
for SQUID applications). The device is biased with a cur-
rent to produce a voltage. As the magnetic flux ¢ is var-
ied, the volitage oscillates with a period of one flux
guanium, &,,. As a result of the variation of the voltage
on the /- 1V curve, the critical current varies periodically
with magnetic flux as illustrated in Fig. 8(c). This curve
resembles the diffraction pattern created by the two-slit
Young's experiment in optics. It is the most sensitive tech-
nique for detecting variations in magnetic flux. The RF
SQUID, on the other hand, uses a single Josephson junc-
tion in a ring inductively coupled via an RF tank circuit
to readout electronics, as shown in Fig. 8(d). The reso-
nant frequency of the tank circuit is typically 20-30 MH:z.
As the magnetic flux & through the ring is varied, the am-
plitude of the RF voltage detected at the output termi-
nals of the tank circuit is modulated with period ¢,. The
resulting response curve showing the critical current ver-
sus magnetic tlux is shown in Fig. 8(e). Note that this re-
sponse curve resembles a single-bit optical diffraction
pattern. For both the DC and RF SQUID’s, the basic cir-
cuits are put into a feedback configuration to obtain a
voltage output linearly proportional to applied flux. The
SQUID is also versatile as a sensing, interfacing, or switch-
ing device for superconducting voltmeters, thermometers,
bolometers, and computer circuits.

Analog processing with superconducting transmission
lines is another major area that has been investigated in
several ways. Simple nondispersive resonators have been
built like those illustrated in Fig. 9. High Q factors on
the order of 5 x 10" have been achieved using conven-
tional LTSC materials.” These allow highly frequency-
stable sources and narrowband filters to be made. " **
Simple microstriplines have been considered for use as in-
terconnects for very-high-speed integrated circuit (VHSIC)
computer chips, as suggested in Fig. 10.%° Since VHSIC
chips will be dominated by the signal propagation delay
between gates, using lower-loss superconducting intercon-
nects should help alleviate this problem because more
compact layouts can be achieved with superconductors.

Superconducting transmission lines have also been
designed to allow dispersive signal delay to be achieved

*“J. Clarke, “Low-Frequency Applications of Superconducting
Quantum Interference Devices,” Proc. [EEE 61, 8 (1973),

"R. A. Davidheiser, *‘Superconducting Microstrip Filters,” in Ju-
ture Trends in Superconductive Electronics, AIP Conf. Proc. #44,
B. S. Deaver, Jr., C. M. Falco, J. H. Harris, and S. A. Wolf,
eds., pp. 219-222 (1978).

Wi Davidheiser, **Frequency Stable Sources Using Superconduct-
‘2~ Microstrip Resonators,”” Proc. 3dth Annual Frequency Con-
trol Sympusi in. HSAERADCOM, Ft. Monmouth, N.J. (May
1980).
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Linear resonator

Ring resonator

Figure 9 Two examples of simple nondispersive
microstrip resonators that can be made using HTSC
materials.

Word current:

/'

Bit Current:

Bit current:
I'm2

Bit currents (/g yand Ig o) control states of wate junctions
{gates 1 and 2).
(Counter) clockwise currents (/4 and /2 ) represent 1's and 0's

Circulating currents persist after drive currents are removed
(nordestructive read-out).

Appearance of voltage in sense line indicates presence of 1.in cell

Figure 10 Example of superconducting computer
memory circuit that could use microstrip interconnects
(multiple-flux-quanta memory loop, adapted from Ref.
29).
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at microwave (10-GHz) frequencies.” The construction
of these delay lines is illustrated in Fig. 11.%%*! The de-
lay line is used to store an input signal propagating from
left to right. A series of quarter-wavelength backward-
wave couplers of varying length reflects incident power
back to the input. The resulting output from a series ar-
rav of these couplers can produce a linearly frequency-
modulated chirp, since the resonant length of each cou-
pier varies linearly with distance along the delay line. These
devices can be designed into a spiral geometry to make
compact chirp generators, which can be used in matched
filter receivers and Fourier transformers. Equivalent com-
putation rates of 10'* arithmetic operations per second

. Groundplane
Cross section :
of coupled Dielectric
microstripline  Z2e ;
Microstrip Groundpiane

Backward-wave coupler

Top view min

g }+—Quarter wavelength—={

Input{ 1. jeef ___ Jeed _/I:E:'}.Thr0ugh[\lut-4___>
Output |2 Chirp filter formed by cascaded backward-wave couplers

Inward
spiral

Outward |

spiral )

Close-up view
Input/output

Compact /

spiral
geometry Silicon
substrate

Figure 11 Basic design layout of a superconducting
dispersive (chirp) delay line.

YR. S. Withers, A. C. Anderson, P. V. Wright, and
S. A. Reible, “*Superconductive Tapped Dclay Lines for Micro-
wave Analog Signal Processing," IEEE Trans. Magn. 19, 480
(1983).

*J.T. Lynch, R. S. Withers, A. C. Anderson, P. V. Wright, and
S. A. Reible, ‘*Multigigahertz-Bandwidth Linear-Frequency-
Modulated Filters Using a Superconductive Stripline,”” Appl.
Phys. Ler. 43, 319 (1983).

*TR. W. Ralston, **Signal Processing: Opportunities for Supercon-
ducting Circuits,”” IEEE Trans. Magn. 21, 181 (1985).
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have been realized. Similar circuits using SIS mixers can
be used as signal convolvers.**

A fourth class of transmissio.” line device is the **slow-
wave’’ or kinetic inductance Jdevice. ™ ™ Essentially this
is a very long meander line,” which is deposited as a
very-thin-film pattern on a substrate (see Fig. 12). Bv mak-
ing the superconductor thin, vhe overall inductance of the
delay line becomes dominated by the inertial (or kinetic)
inductance of the superelectrons rather than by the usual
magnetc inductance. Therefore, the phase velocity can
be made very small with respect to the velocity of light,
hence the name slow-wave delay line. ™™ Further, the
signal delay can be modulated by varying the phase ve-

Meanderline

Dielectric
substrate

Groundplane Output

Figure 12 Simple slow-wave meanderline device.

S AL Reible, A. C. Anderson, P. V. Wright, R. S. Withers, and
R. W. Ralston, ‘Superconductive Convolver,” [EEE Trans.
Muagn. 19, 475 (1983).

5. AL Reible, “*Superconductive Convolver with Junction Ring
Mixers,” TEEE Trans. Magn. 21, 193 (1985).

HR. Meservey and P, M. Tedrow, **Measurcments of the Kinetic
Inductance of Superconducting Linear Structures,” J. Appl. Phys.
40, 2028 (1969).

1M Pond. ). H. Claassen, and W. L. Carter, *“Kinetic Induc-
tance Microstrip Delay Lines,” TEEE Trans. Magn. 23, 903 (1987).

1ML Pond, J. H. Claassen, and W. L. Carter, *‘Mcasurements
and Modeling of Kinetic Inductance Microstrip Delay Lines,”
IEEE Trans. Microwave Theory Tech, 35, 1256 (1987).

0. AL Gandolfo, A. Boornard, and I.. C. Morris, **Supercon-
ductive Microwave Meander Lines,” J. Appl. Phys. 39, 2657
(196%).

P, V. Mason and R, W. Gould, “*Slow-Wave Structures Utiliz-
ing Superconducting Thin-Film Transmission Lines,” J. Appl.
Phyvs. 40, 2039 (1969).

1.0 Pond and C. M. Krowne, ‘Slow-Wave Properties of Su-
perconducting Microstrip Transmission Lines,” ITEEE MTT-S Dig.
1. 449 (1YK8).
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locity, either by temperature or by direct modulation of
the superconducting pair density via incident radiation or
quasiparticle injection. Variable phasc shifters with ap-
plication to radar systems can therefore be built. ™

Sampling devices have been developed that are based
on the use of